Although the neuromedin B receptor (NMBR), a bombesin receptor family member, has been implicated in thermoregulation and in stimulation of both urogenital and gastrointestinal smooth muscle contraction, its underlying role in labor onset and its associated molecular mechanisms remain poorly understood. We examined the relationship between temporal and spatial NMBR expression in the myometrium of pregnant mice and potential mechanistic pathways leading to labor onset. Resultant data indicate that NMBR expression peaked at term and before parturition. Maternal exposure to the NMBR agonist neuromedin B (NMB) shortened the gestational age of pups, an effect that was also observed after oxytocin administration. Both RELA (NFKB P65) DNA-binding activity and interleukin 6 (Il6) mRNA expression were greatest during parturition and after maternal exposure to the highest NMB concentration administered (150 lg/kg). Furthermore, a significant correlation was observed among NMBR mRNA expression, RELA DNA-binding activity, and Il6 mRNA expression. These data demonstrate that NMB and its receptor can induce the onset of labor via a RELA/ IL6-mediated pathway.
INTRODUCTION
Regular uterine contraction and cervical dilation are regarded as unique indicators of parturition. Complementary DNA microarrays have proven to be a useful tool in the systemic scanning and identification of differentially expressed genes in uterine myometrium during parturition, permitting exploration of the intrinsic function of key genes as well as the selection of new therapy targets [1, 2] . G protein-coupled receptor (GPCR) is a typical drug target, with a 60% success rate for known drug targets [3, 4] . As a GPCR family member, the neuromedin B receptor (NMBR) is expressed on the cell surface of several mammalian tissues [5] and, as we determined in an initial study, is also differentially expressed during parturition [6] . In mammals, three bombesin receptors have been identified that mediate the biological effects of bombesinrelated peptides: 1) a 384-amino acid (aa) gastrin-releasing peptide receptor (GRPR), 2) a 399-aa NMBR, and 3) a 399-aa orphan bombesin receptor subtype 3 [7] . The amphibian regulatory peptide bombesin and its mammalian homologue gastrin-releasing peptide (GRP) bind with high affinity to GRPR, whereas neuromedin B (NMB) selectively binds to NMBR. Both GRP and NMB can affect cell growth and differentiation in various epithelial cell-derived tumors [7, 8] . In addition, NMB can stimulate contraction of urogenital and gastrointestinal smooth muscles, potently inhibiting thyrotropin release from the pituitary gland via autocrine and paracrine action. NMB can also exert potent central nervous system effects, including inhibiting food intake and mediating aspects of stress and fear responses as well as behavior, such as spontaneous activity [9] . Findings from Nmbr knockout mice indicate that Nmbr is involved in both Tsh gene regulation and stress response, whereas NMB-mediated gastric smooth muscle contraction is unaffected [5, 10] . Collectively, data suggest that the NMB/NMBR pathway can mediate externally and internally induced effects on stress response and spontaneous activity. The onset of labor involves the trigger to stimulate the spontaneous contraction of uterine smooth muscle and alteration of stress response factors both inside and outside the uterine cavity [11] . Previous studies conducted within our laboratory have revealed differential NMBR expression in the myometrium of pregnant women before and during parturition [6] . Similarly, several studies have found NMBR and GRPR expression in mammalian and human uterine smooth muscle [12] [13] [14] , although the role of NMB/NMBR in parturition remains unclear.
Moreover, the signal transduction mechanism underlying NMB/NMBR action in uterine smooth muscle during parturition is poorly understood. Examination of other gene family members has revealed that GRPR and NMBR proteins share approximately 50% homology, a common intracellular signaling mechanism via phospholipase C, and the resultant intracellular calcium mobilization [8] . Previous studies using cancer and neuroendocrine cells suggest that intracellular response to GRPR activation involves a GRPR-elicited Ca 2þ increase and activation of the phospholipase C pathway [8, 15] . Other studies have shown that human NMBR as well as rat NMBR are coupled to phospholipase C, resulting in breakdown of phosphoinositides, mobilization of cellular calcium, and activation of protein kinase C (PKC) [8, 10] , whereas still other studies have demonstrated that PKC can activate nuclear factor-kappa B (NFKB) [16, 17] , thereby increasing NFKB DNA-binding activity, a key step of labor onset [16, 18] . Furthermore, induction of NFKB activity may alter the expression of downstream targets, including the proinflammatory genes interleukin 6 (IL6) and interleukin 8 (IL8) [18] , which have a close functional relationship with uterine muscle contraction and cervical dilatation [19] . Thus, NMB and NMBR In the present study, we explore 1) Nmbr mRNA and protein expression in pregnant mice during different gestational stages, 2) effects of maternal NMB exposure on duration of gestation, and 3) role of NMB/NMBR in the RELA (NFKB P65)/IL6 mechanistic pathway during spontaneous and NMB-induced labor onset.
MATERIALS AND METHODS

Animals and Tissue Collection
Adult BALB/C female and male mice (body wt, 25-30 g; age, 60-80 days) were obtained from and raised in the Laboratory Animal Department of Central South University. All mice were maintained under a 12L:12D photoperiod with food and water ad libitum. After 1 wk for adaptation, mice were mated in a 1:2 (male:female) ratio. The presence of a vaginal suppository, an indicator of coition, was determined the morning after mating; if present, a gestational age of Day 0 (D0) was assigned. Pregnant mice were monitored and weighed on D7 and D12 to confirm gravidity, after which they were randomly divided into six experimental groups (n ¼ 12 mice/ group): 1) not pregnant (NP; before mating), 2) early pregnant (EP; D7), 3) middle pregnant (MP; D12), 4) late pregnant (LP; D18), 5) parturition (PT; after the first pup was delivered), and 6) postpartum (PP; 24-36 h after delivery).
Pregnant mice used for NMB treatments were randomly assigned to five experimental groups (n ¼ 12 mice/group) on D18 and received an intraperitoneal dose of 30, 90, or 150 lg/kg of NMB; 50 mIU/kg of oxytocin; or solvent (vehicle control) twice a day (1400 and 1800 h) on D18 and D19. Pregnant mice at D18 were fixed with the face to the experimenter and were kept with the abdominal cavity ahead and up. The experimenter used the tip of a forefinger to press the center of the abdominal cavity and made the uterus offset the injection site. The needling site was located in the hypogastrium, 1 mm from the medioventral line. After sterilizing the skin of the injection site with 75% alcohol, the needle was pricked into the abdominal cavity of the mouse. Then, the drugs were injected into abdominal cavity without backsiphoning of blood or other liquid.
The time of labor onset and interval time between delivery of the first and second pup were monitored and recorded in pregnant mice. In addition, five experimental groups also received NMB treatment at 0600, 0800, 1000, and 1200 h of D18. Mice were anesthetized with pentobarbital and killed at gestational ages 4 h after the last intraperitoneal injection. The pups and placenta were discarded, and the decidua was removed by blunt dissection. The myometrium was immediately frozen in liquid nitrogen and stored at À708C until analysis.
All animals received humane care in compliance with the university's guidelines. Experimental protocols were approved by the Ethics Review Committee for Animal Experimentation of Central South University.
Semiquantitative RT-PCR
Total RNA was extracted using a TRIzol kit according to the manufacturer's instructions and treated with DNase I (Invitrogen Life Technology). RNA concentration and purity were determined by spectropho- 
Western Blot Analysis
The NMBR protein was extracted using a membrane protein extraction kit (Calbiochem) according to the manufacturer's protocol. IL6 protein was isolated according to the total protein extraction method as indicated above. The concentration of extracted proteins was determined by the Bradford Protein Assay kit according to the manufacturer's instructions. Protein (10 lg/lane) was loaded into a 12% polyacrylamide gel and subjected to electrophoresis. Gels were sealed with a blotting membrane and a solution containing 5% nonfat milk and then incubated for 2 h at 378C. Primary antibody (1 ml of a 1:200 dilution; NMBR, sc-34376; IL6, sc-1265s; Santa Cruz Biotechnology) was added to each lane and incubated for 2 h, followed by four 10-min washes with PBS. Secondary antibody (1 ml of a 1:20 000 dilution) was then added to each lane and incubated for 1 h, and the blot was subjected to four 10-min washes in PBS. Immunoreactivity was visualized by enhanced chemiluminescence (Pierce Company), images captured with a Sony T90 camera, and expression assessed using Gel Pro Analyzer 4 image analysis software (Media Cybernetics).
RELA (NFKB P65) DNA-Binding Activity Assay
Frozen myometrium (60 mg) was placed in a precooled mortar and triturated to powder by adding liquid nitrogen. Nucleic protein was extracted using the No Shift transcription factor assay kit (catalog no. 71518-3; Merck Corporation) according to the manufacturer's instructions. Binding was quantified by ELISA, and relative RELA DNA-binding activity was calculated (Stat Fax-2100).
Statistical Analysis
Data are presented as the mean 6 SD. Statistical significance was determined by one-way ANOVA using the SPSS 13.0 statistics package (SPSS, Inc.). Comparisons among multiple groups were assessed by repeated-measures ANOVA followed by the least significant difference test. Statistical significance was set at P , 0.05.
RESULTS
Myometrial Nmbr Expression During Pregnancy
Expression of Nmbr mRNA in myometrium was greater in the PT group compared to all other gestational time points, although significance was limited to the NP, EP, LP, and PP groups (P , 0.05). Similar results were observed with NMBR protein expression; myometrial Nmbr expression was significantly greater than all other time points examined (P , 0.01) (Fig. 1) . 
NEUROMEDIN B AND ITS RECEPTOR INDUCE LABOR ONSET
NMBR Agonist Administration Impacts Gestational Age
The gestational age of pups at delivery was shorter for mothers receiving the highest NMB dose (150 lg/kg) compared to those receiving the lowest dose (30 lg/kg) or the vehicle control (P , 0.05). Comparisons among other treatment groups were not significant (Fig. 2) .
Effects of Parturition and NMBR Agonist Administration on RELA DNA-Binding Activity in Myometrium
Peak RELA DNA-binding activity in the PT group was significantly greater than that observed among the NP, LP, and PP groups (P , 0.05). Mice that received the highest NMB dose (150 lg/kg) also displayed significantly greater RELA DNAbinding activity compared to groups that received the vehicle control, the lowest NMB dose (30 lg/kg), or oxytocin (50 mIU/ kg) (P , 0.05). Comparisons among other treatment groups did not reveal significant differences (Table 1 and Fig. 3 ).
Myometrial Il6 mRNA Expression During Gestation and After NMBR Agonist Administration
Myometrial Il6 mRNA expression was highest in the PT group, differing significantly from that in the NP, LP, and PP groups (P , 0.05). Among treatment groups, Il6 mRNA expression levels were highest in mice that were significantly higher than mice receiving the vehicle control and lower NMB doses (30 and 90 lg/kg) (P , 0.05). Comparisons among other treatment groups were not significant (Table 1 and Fig. 3 ).
Correlations Among RELA DNA-Binding Activity and Nmbr and Il6 mRNA Levels Strong positive correlations were observed between the DNA-binding activity of RELA and Nmbr mRNA expression (r ¼ 0.40, P , 0.01), between Il6 and Nmbr mRNA expression (r ¼ 0.30, P , 0.05), and between Il6 mRNA expression and RELA DNA-binding activity (r ¼ 0.36, P , 0.05) (Fig. 4) .
DISCUSSION
Initial cDNA microarray screening for differentially expressed genes in the human uterine myometrium during spontaneous and oxytocin-induced labor revealed NMBR, a typical GPCR, but not oxytocin receptor or b 2 -adrenergic receptor, which are tocolytic drug targets with structures similar to GPCRs [6] . Therefore, because NMBR may be a novel drug target, we explored NMBR's role and mechanism of action during parturition.
We observed that Nmbr is differentially expressed in mouse myometrium during gestation, with maximal mRNA and protein expression during labor onset and a sharp decrease after delivery. In fact, Nmbr mRNA expression displayed a biphasic pattern during gestation, with an initial peak in expression during midpregnancy and a second, more robust peak at parturition. This pattern of Nmbr expression likely results from fluctuating estrogen levels during pregnancy. Whereas GRPR is expressed in uterine myometrium and endometrium, particularly in endometrial carcinoma with high levels of estrogen [20] , GRPR and NMBR have very distinct functions because of their exclusive distribution in the rat nervous system [21] . Thus, the effects of estrogen on Nmbr expression in pregnant uterine myometrium remain unclear. NMBR protein expression during parturition exhibited a single maximal peak compared to all other gestational stages. Moreover, Nmbr mRNA and protein expression peaked during pup delivery and decreased sharply postpartum. These findings are in accordance with reported NMBR upregulation in humans during delivery [6] ; furthermore, detectable NMBR expression has been reported in uterus of pregnant humans [12] . Specifically, the present study demonstrated that a high dose of NMB (150 lg/kg), a specific and natural NMBR agonist, can shorten gestational age by induction of early labor, similar to oxytocin. As a member of the bombesin family, NMBR is capable of inducing smooth muscle contractions via the gastric channel [22] . Collectively, the data suggest that Nmbr expression in pregnant uterine myometrium may have a close relationship with labor onset. An alteration in parturition was not observed in the Nmbr knockout rat [5] . However, this lack of effect is inconclusive, because the onset of labor is a complex process involving numerous genes, regulators and inhibitors, and cross-talk.
Until now, NMBR's regulation of uterine smooth muscle contractions and influence on labor onset as an underlying signaling pathway have not been investigated. Previous studies [8, 15, 23] using cancer and neuroendocrine cells suggest that intracellular response to GRP activation involves a GRPRelicited increase in Ca 2þ and subsequent activation of PKC. The mechanism of NMBR action in BALB/3T3 cells is governed by PKC activation [24] . PKC can activate NFKB, which regulates expression of proinflammatory genes, thereby resulting in labor onset [16, 18, 19] . Therefore, we investigated RELA activity and Il6 mRNA expression during spontaneous labor and NMB-induced labor for potential changes. We observed that both RELA activity and Il6 mRNA expression were significantly and positively correlated with Nmbr mRNA expression during spontaneous labor; however, RELA activity and Il6 mRNA expression were significantly higher in mice that received the highest NMB dose (150 lg/kg) compared to mice receiving vehicle controls or the low NMB dose (30 lg/ kg). Other researchers have also discovered that selective inhibition of NFKB attenuates the severity of GRPR-induced arthritis in rats via suppressed Il6 mRNA expression [25] . GRPR, another member of the GPCR family, has also been identified as a participant in cross-talk among PKC, mitogenactivated protein kinase (MAPK), and protein kinase A (PKA) pathways with respect to the regulation of memory consolidation in the hippocampus [15] . We have shown that NMBR can influence labor onset via the RELA/IL6 pathway, but further study is necessary to identify specific, mechanistic interactions within the PKC, MAPK, PKA, and yet-unidentified pathways.
In summary, the present results suggest NMBR regulates labor onset in uterine smooth muscle through a mechanism involving the RELA/IL6 signaling pathway. Furthermore, the present study is, to our knowledge, the first to investigate spatial and temporal Nmbr expression during gestation in mice and the molecular mechanism governing NMBR-mediated parturition.
